1. Introduction {#sec1}
===============

Posture and stability control are fundamental motor skills and represent the basis for daily routine tasks ([@bib65]) and athletic activity ([@bib22]; [@bib53]). For example, a good stability control is essential for a stable gait ([@bib29]). Good posture regulation is thus the basis for almost every movement. On the other hand, poor posture can lead to strain in tendon and joint structures, e.g., when picking up heavy items. In 25--60% of children and adolescents, posture weakness is already present in the form of hollow back, hanging shoulders, or an anteverted pelvis ([@bib23]; [@bib38]; [@bib30]; [@bib81]; [@bib42]).

According to [@bib50], the body is composed of superimposed segments ('modules') whose position can be regulated specifically and independently by the central nervous system (CNS). He was able to show that anticipatory postural adjustments are related to both balance control and postural stabilization. Postural stability (in the sense of balance control) can be defined as an adequate response to disturbances of the center of mass (COM) caused by body sway, motor activity or conscious interaction with the environment ([@bib9]). It is known that both balance control and postural control are interlinked dynamic processes ([@bib50]) that use signals of the same receptor systems ([@bib15]; [@bib21]) and the same actuators - both regulate the activity of the postural musculature ([Figure 1](#fig1){ref-type="fig"}). Therefore, controlling posture while ensuring its stability is a fundamental task of the CNS ([@bib9]; [@bib74]). By systematically activating the muscles, the central nervous system (CNS) is able to stabilize the biomechanically unstable body segments and at the same time keep the stabilized system in equilibrium ([@bib3]; [@bib74]; [@bib50]).Figure 1A conceptual schematic diagram of the feedback control processes that regulate the upright posture (compare [@bib50] and [@bib74]). Sensory information is weighted in the CNS (Σ) and compared with target values (⊗) and in case of deviations, actuators (muscles) are activated to adjust the posture. Changes in visual information (blue) generate different changes in posture orientation and balance control. Σ = summation of afferent input for the posture and balance (stability) control circuit. Δ VIS is the control deviation between the eyes open- (feedback-) and eyes closed- (feed-forward-) condition. Comparison between the control deviation of the posture control circuit (Δ VISp) and the balance control circuit (Δ VISb) may give information on the interdependence of both systems. CoM = center of Mass, CoP = center of pressure.Figure 1

In the following, we will distinguish between stability control (control of the center of pressure (COP) in relation to the base of support = 'postural stability') and posture control (control of body alignment and tonus = 'postural orientation'; [@bib74]).

During somatosensory maturation and growth-related changes of biomechanical parameters, stability and posture control need to be continuously adapted ([@bib84]). The central nervous system learns and optimizes both functions in the course of child maturation ([@bib62]; [@bib3]), with the somatosensory integration playing an important role ([@bib47]). Perception and control of the position of the trunk are therefore key factors ([@bib3]). Literature describes an age dependency pertaining to stability control, measurable for example by a reduction of the sway of the center of pressure (COP) in the course of maturation ([@bib31]; [@bib78]). The discussion about whether this development is linear or shows slumps due to anthropometric changes during growth periods is rather controversial ([@bib36]; [@bib48]; [@bib72]; [@bib78]).

Posture control involves adopting a stable and active posture in which the body segments are aligned perpendicular to each other and is an important basis for the prevention of postural deficiencies. The question therefore arises as to whether changes in posture stability, or more precisely in the oscillation of the COP, become apparent when adopting an active posture or when this posture deteriorates. Only a few studies examined the development of posture and stability control in children and adolescents, and they especially focused on pathologies, mostly without considering sports activities (balance: [@bib53], overview in [@bib78]; posture: [@bib13], [@bib40]). Children with a weak posture do not necessarily seem to have a worse stability control ([@bib55]). Therefore, many questions remain open regarding stability and posture control in children and adolescents, their interrelationship and their possible correlations with athletic performance ([@bib72]). As some studies found differences in posture regulation between girls and boys ([@bib10]; [@bib53]; [@bib73]; [@bib75]), we examined both age and sex as possible influencing factors. An age-related development can also be assumed ([@bib3]).

Therefore, the aim of our study was to examine the interrelationships between posture and stability control with closed eyes, depending on age, sex, and sports activity.

2. Methods {#sec2}
==========

The tests were conducted within the framework of an interdisciplinary research project (Kid-Check) over 14 examination days between 2015 and 2017. All 456 participants and their parents or guardians were informed prior to the tests about the tests\' objective and test procedure, in accordance with the requirements of the Helsinki Declaration. Participants and parents gave their written informed consent. The ethics commission of the university had approved the study (Ref.-No. 15-6-08). Exclusion criteria were acute orthopedic or neurological problems (e.g. imbalance, vertigo) and known ADHD (attention deficit hyperactivity disorder).

Anthropometric data were collected on site and athletic activity was surveyed by means of a questionnaire filled in by parents and children together. The questionnaire contained questions about the types of sport performed, number of years of athletic practice, and average time spent within a week with the respective type of sport. Participants were requested to provide this information as plain text. When the participants or parents were unsure when answering the questions, a team member helped them by interviewing.

Afterwards, the test persons were assigned to four chronologically identical age groups (6.0--8.9 years, 9.0--11.9 years, 12.0--14.9 years, 15.0--17.9 years; in the following this will be abbreviated by integers). It is known that both the type of sport and the level of activity may have an effect on postural and/or balance control ([@bib71], [@bib86]). Therefore, athletic activity (AA) was grouped based on sports with a high share of coordinative and balance skills and an intense control of body tension (AA = 3, pertaining to sports like gymnastics, rhythmic gymnastics, martial arts), with a lower share of these skills (AA = 2, pertaining to sports like soccer, handball, running sports), and persons who were not active in sports (AA = 1). This is a simplified subdivision, reduced to three categories, but based on common assumptions ([@bib86]; [@bib59]). Sports motor skills depend not only on the type of sport practised, but also on the number of hours spent doing it ([@bib85]). Therefore, to estimate athletic activity, an athletic activity index (AAI) was established based on AA ∗ hours of athletic activity per week ∗ years of athletic practice divided by age. Every subject was assigned an index value AAI according to their reported athletic activity. The participants were divided into three equally sized groups (level 1 to level 3) based on the AAI for each gender (boys: N~total~ = 284, AAI level 1: N = 95, level 2: N = 95, level 3: N = 94; girls: N~total~ = 172, AAI level 1: N = 57, level 2: N = 57, level 3: N = 58).

During the posture and balance assessment, all subtests were performed only once in order to avoid decrease of attention. This experiment setup was also applied in other studies ([@bib58]). The whole experiment, including 3 posture photos and 2 balance measurements, only took about 3 min. Therefore, according to pilot tests a loss of concentration could not be expected.

2.1. Posture measurement {#sec2.1}
------------------------

For this study, posture regulation was measured, which means the ability to transfer one\'s own body posture from a relaxed, passive state (habitual posture) into an active, upright state. The concept is based on the idea that humans are naturally allowed to adopt relaxed body postures during their daily routine lives without suffering any ill effects, but that they must be able to consciously straighten their posture, for example, to carry loads or perform athletic activities. Therefore, we did not evaluate only the current posture status, but also the regulatory ability of the CNS relating to change body posture by analyzing the changes in postural parameters during the transition between postural situations, especially when closing the eyes. [Figure 2](#fig2){ref-type="fig"} describes the experimental setup.Figure 2Experimental setup. Δ POS = changes in postural parameters, CoP = center of pressure, Δ SPL = changes in sway path length.Figure 2

In our analysis we compared balance and posture parameters in two situations: habitual posture with open eyes and activated posture with closed eyes. Differences between the posture and balance values were calculated for these situations. Activation of posture is a means to stimulate the neural posture regulation circuits, and habitual posture is relevant because it represents the most common posture during the day ([@bib46]).

456 test persons aged 6.7--17.6 years (see [Table 1](#tbl1){ref-type="table"} for anthropometric data) participated in the posture measurement. First, digital photographs of the habitual posture in the sagittal plane were taken of the participants who were wearing swimwear or underwear ([@bib46]) in front of a calibration wall. Afterwards, the child was instructed to actively straighten up its posture. The investigator helped the child by means of verbal instructions to adopt an active body posture, so that malleolus lateralis, trochanter major, acromion, and tragus were positioned vertically one above the other as much as possible. As an additional, optical aid, a perpendicular laser beam was projected onto the body starting at malleolus lateralis, as it is known that verbal instructions alone sometimes do not result in targeted straightening up of the posture ([@bib19]; [@bib20]). The participant was now to retain the best possible posture for 30 s, and then a second posture photo was taken. The child was then requested to keep the straight-up posture and close the eyes. After 60 s, a third posture photo was taken. The following posture parameters were determined by means of the Corpus Concepts posture analysis software (AFG, Idar-Oberstein, Germany) for each posture state: posture index, upper body tilt, trunk tilt ([@bib39]; [@bib45]; [@bib76]). [Figure 3](#fig3){ref-type="fig"} explains these posture parameters. The photo-based, two-dimensional posture analysis and the posture parameters examined have been established as valid and reliable test methods ([@bib32]; [@bib69]; [@bib45]).Table 1Anthropometric data for the whole group ('total', N = 456) and for the balance measurement subgroup ('SPL', N = 318); mean value ± standard deviation; SPL = Sway path length, BMI = body mass index.Table 1SexAge groupEntire groupSubgroup balance measurementN (total)Age (total) \[years\]Mass (total) \[kg\]Height (total) \[cm\]BMI (total) \[kg/m^2^\]N (SPL)Age (SPL) \[years\]Mass (SPL) \[kg\]Height (SPL) \[cm\]BMI (SPL) \[kg/m^2^\]Girls6.0--8.9 yrs.238.07 ± 0.6228.20 ± 5.26129.65 ± 6.8516.72 ± 2.43178.01 ± 0.6127.69 ± 5.35130.59 ± 7.2716.14 ± 2.149.0--11.9 yrs.5710.51 ± 0.7937.18 ± 8.31146.15 ± 8.1917.24 ± 2.484710.55 ± 0.7937.50 ± 8.51146.90 ± 8.1517.21 ± 2.5212.0--14.9 yrs.5713.35 ± 0.9450.93 ± 9.99162.19 ± 9.3219.26 ± 2.943713.35 ± 0.9452.78 ± 8.80165.19 ± 7.9519.28 ± 2.5015.0--17.9 yrs.3515.84 ± 0.5958.29 ± 9.40169.34 ± 7.5420.25 ± 2.542615.79 ± 0.5956.65 ± 8.80169.65 ± 8.4619.59 ± 1.88Boys6.0--8.9 yrs.248.12 ± 0.4330.08 ± 7.72132.08 ± 8.3317.14 ± 3.23158.16 ± 0.4231.14 ± 8.84132.36 ± 7.7317.55 ± 3.299.0--11.9 yrs.10410.31 ± 0.7737.51 ± 10.24145.52 ± 9.6717.45 ± 2.687310.36 ± 0.8038.95 ± 11.41146.08 ± 10.4517.91 ± 2.8312.0--14.9 yrs.10513.40 ± 0.8052.74 ± 12.13165.54 ± 10.5219.05 ± 3.057013.39 ± 0.7852.89 ± 11.82165.93 ± 10.8419.02 ± 2.9615.0--17.9 yrs.5115.89 ± 0.7066.13 ± 12.02177.98 ± 6.8820.83 ± 3.333315.80 ± 0.7067.35 ± 12.95178.79 ± 7.2015.80 ± 0.70Figure 3Posture parameters: tt -- trunk tilt, bt -- upper body tilt, TK - maximal thoracic kyphosis, LL -- maximal lumbar lordosis, TM -- trochanter major, ST -- distal sternum, SA -- spina iliaca anterior superior, ML -- malleolus lateralis, a, b, c, d -- horizontal distances to plumb line. Posture index PI = (a+d)/(b + c).Figure 3

The change in posture parameters during the transition from habitual to active posture describes the ability of the CNS to purposefully regulate posture ([@bib46]). Therefore, the [differences]{.ul} of the posture parameters between the eyes open and eyes closed conditions were calculated and included in the following evaluation.

2.2. Balance measurement {#sec2.2}
------------------------

Posturography is a valid tool for measuring the extent of body sway during a defined period by registering the movement of the center of pressure ([@bib67]; [@bib68]). Instrumental measurement using force plates allows an easy and reproducible assessment of balance control under different sensory conditions ([@bib78]). During posture measurement, the children and adolescents were standing barefoot and as still as possible on a force plate (Zebris PDM, Zebris Medical, Isny, Germany, 2560 calibrated sensors, sampling frequency 100 Hz) with their feet at hip width, their arms hanging naturally, and their head up straight. The outside rotation of the feet was chosen in such a way that the knees were aligned straight ahead. The same investigator supervised foot placement and gave the instructions for all participants. Two balance measurements were performed for 30 s while the posture photos of the habitual posture with open eyes and the active posture with closed eyes were taken (see [2.1](#sec2.1){ref-type="sec"}) As the balance measurement device was only available on ten of 14 examination days, only 318 of the test persons (127 girls, 191 boys) participated in the balance measurement.

Based on the pressure shift during 30 s, the oscillation of the center of pressure (CoP) was calculated. This parameter (also known as sway path length -- SPL) has been proven as a measurand for posture balance ([@bib67]; [@bib68]; [@bib18]). The differences of the SPL values between the open and closed eyes conditions were calculated (delta SPL) and included in the statistical evaluation.

2.3. Statistical evaluation {#sec2.3}
---------------------------

For statistical testing, six sets of multi-factorial (4 × 3) ANOVAs based on the factors of age group (4 levels) and athletic activity index (3 levels) were calculated for girls and boys, respectively. Each ANOVA was conducted for the balance variables SPL (eyes open), SPL (eyes closed), and delta SPL, and for the posture variables delta posture index (delta PI), delta upper body tilt, and delta trunk tilt. The homogeneity of the variances was verified by means of the Levene test. A post-hoc pairwise analysis was performed based on the Tukey\'s HSD test.

After verification of the normal distribution, the Spearman rank correlation was applied to check for interrelationships between changes in the balance variable (delta SPL) and changes in the posture variables (delta posture index, delta upper body tilt, delta trunk tilt) after closing the eyes.

If data were missing, the corresponding data sets were not included in the calculations. Tables [2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}, and [4](#tbl4){ref-type="table"} show the number of participants included in each calculation.Table 2Descriptive statistics of the four age groups for girls and boys.Table 2Sex/age groupN (SPL)SPL habitual (cm)SPL eyes closed (cm)N (total)Delta SPL (cm)Delta PI (-)Delta Trunk Tilt (°)Delta Upper Body Tilt (°)Girls 6--8 yrs.17165.86 ± 47.42 \[141.48; 190.24\]207.98 ± 63.07 \[175.55; 240.41\]2342.12 ± 45.96 \[18.49; 65.75\]0.20 ± 0.30 \[0.07; 0.33\]-4.13 ± 4.55 \[-6.10; -2.16\]-3.04 ± 5.14 \[-5.27; -0.82\]Girls 9--11 yrs.47140.19 ± 42.51 \[127.71; 152.68\]164.44 ± 49.56 \[149.89; 178.99\]5724.25 ± 30.74 \[15.22; 33.28\]0.09 ± 0.18 \[0.05; 0.14\]-1.68 ± 4.61 \[-2.91; - 0.46\]-1.68 ± 4.17 \[-2.79; -0.58\]Girls 12--14 yrs.37127.49 ± 44.46 \[112.66; 142.31\]157.16 ± 54.69 \[138.92; 175.39\]5729.67 ± 30.29 \[19.58; 39.77\]0.15 ± 0.29 \[0.07; 0.23\]-1.72 ± 5.88 \[-3.28; -0.16\]-2.37 ± 4.27 \[-3.50; -1.24\]Girls 15--17 yrs.26123.03 ± 36.53 \[108.27; 137.78\]156.82 ± 56.45 \[134.02; 179,62\]3533.80 ± 37.73 \[18.56; 49.03\]0.14 ± 0.23 \[0.06; 0.22\]-1.77 ± 3.90 \[-3.11; -0.43\]-2.49 ± 3.65 \[-3.74; -1,23\]Boys 6--8 yrs.15175.57 ± 51.08 \[146.08; 205.07\]215.98 ± 52.93 \[185.42; 246.54\]2440.41 ± 36.99 \[19.05; 61.76\]0.06 ± 0.27 \[-0.06; 0.17\]0.00 ± 4.98 \[-2.10; 2.10\]-0.79 ± 4.00 \[-2.48; 0.90\]Boys 9--11 yrs.73158.25 ± 52.85 \[145.92; 170.58\]193.13 ± 67.65 \[177.34; 208.91\]10434.87 ± 47.45 \[23.80; 45.94\]0.09 ± 0.20 \[0.05; 0.13\]-1.37 ± 5.13 \[-2.36; -0.37\]-1.61 ± 3.62 \[-2.31; -0.90\]Boys 12--14 yrs.70146.90 ± 52.87 \[134.30; 159.51\]178.58 ± 64.69 \[163.15; 194.00\]10531.67 ± 33.26 \[23.74; 39.60\]0.13 ± 0.27 \[0.08; 0.18\]-1.55 ± 4.80 \[-2.48; -0.62\]-2.41 ± 4.57 \[-3.29; -1.52\]Boys 15--17 yrs.33118.50 ± 34.39 \[106.50; 130.50\]141.33 ± 42.01 \[126.00; 155.32\]5122.83 ± 29.65 \[12.32; 33.34\]0.10 ± 0.17 \[0.05; 0.14\]-0.86 ± 3,49 \[-1.85; 0.12\]-1.43 ± 3.52 \[-2.42; -0.44\][^1]Table 3Results of the ANOVAs: interrelationships between athletic activity index (AAI) and balance/posture parameters and for girls and boys.Table 3AAI versusNFpGirlsBalance: Delta Sway Path Length1270.950.45Posture: Delta Posture Index1700.750.59Posture: Delta Trunk Tilt1721.060.39Posture: Delta Upper Body Tilt1720.540.74BoysBalance: Delta Sway Path Length1901.810.11Posture: Delta Posture Index2770.680.64Posture: Delta Trunk Tilt2840.570.72Posture: Delta Upper Body Tilt2841.040.39Table 4Interrelationship between changes of balance parameters (Delta SPL) and changes of posture parameters when closing the eyes.Table 4Delta SPL \[cm\] versusSexNMean ± standard deviationRhopDelta Upper Body Tilt \[°\]Girls127-2.26 ± 4.230.130.08Boys190-1.83 ± 4.000.010.24Delta Trunk Tilt \[°\]Girls127-2.04 ± 4.960.010.28Boys190-1.25 ± 4.720.010.26Delta Posture Index \[-\]Girls1270.19 ± 0.230.020.12Boys1900.10 ± 0.230.010.29[^2]

The significance level was set to 5%.

3. Results {#sec3}
==========

The results are presented in Tables [2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}, and [4](#tbl4){ref-type="table"}.

3.1. Sway of the center of pressure with open eyes {#sec3.1}
--------------------------------------------------

We found a significant main effect on the sway path length with open eyes for girls (F(5,126) = 2.72, p \< 0.02) and for boys (F(5,190) = 4.28, p = 0.001). The age group had a significant effect (girls: F(3) = 4.20, p = 0.01; boys: F(3) = 6.19, p = 0.0005), but for athletic activity no significant effect was identified (girls: F(3) = 0.51, p = 0.60; boys: F(3) = 1.08, p = 0.34). *Post-hoc* pairwise comparisons showed that 6 - 8 year-old girls had a significantly greater sway path length than 12--14 and 15 - 17 year-old girls (p \< 0.01). For boys we found a significant difference between the oldest group (15--17 years) and all younger age groups (p \< 0.05, see [Figure 4](#fig4){ref-type="fig"}). With increasing age, the sway path length of the CoP decreased.Figure 4SPL (sway path length) with open eyes for girls (grey bars) and boys (black bars) in the different age groups. ∗p \< 0.05, ∗∗p \< 0.01.Figure 4

3.2. Sway of the center of pressure with closed eyes {#sec3.2}
----------------------------------------------------

With closed eyes, the ANOVA showed a significant main effect for both girls (F(5,126) = 2.79, p = 0.02) and boys (F(5,190) = 4.99, p = 0.0003). The age group showed a significant effect on the sway path length for girls (F(3) = 4.14, p = 0.008) and for boys (F(3) = 7.29, p = 0.0001). Athletic activity did not show any significant influence (girls: F(3) = 1.04, p = 0.36; boys: F(3) = 1.54, p = 0.22). *Post-hoc* pairwise comparisons showed that 6--8 year old girls had a significantly greater sway path length than all older girls (all p \< 0.02). For boys we found a significant difference between the oldest group (15--17 years) and all younger age groups (all p \< 0.02, details see [Figure 5](#fig5){ref-type="fig"}).Figure 5SPL (sway path length) with closed eyes for girls (grey bars) and boys (black bars) in the different age groups. ∗p \< 0.05, ∗∗p \< 0.01.Figure 5

3.3. Delta SPL when closing the eyes {#sec3.3}
------------------------------------

The degree of change of the CoP sway (delta SPL) during the transition from open to closed eyes was not significant in terms of age group and athletic activity neither for girls (F(5,126) = 0.95, p = 0.45) nor for boys (F(5,189) = 1.81, p = 0.11).

3.4. Changes in body posture {#sec3.4}
----------------------------

The body posture assumed with the eyes closed differed significantly from the habitual posture, even after Bonferroni correction, for the parameters examined: posture index (t = 1.96, p \< 0.0001), upper body tilt (t = 6.44, p \< 0.0001), and trunk tilt (t = 4.25, p \< 0.0001).

For the changes in posture parameters (delta values), the calculated ANOVAs did not show any significant effects. We did not find any interrelationship between athletic activity, age group, and posture parameter changes during the transition from open to closed eyes ([Table 3](#tbl3){ref-type="table"}).

3.5. Interrelationships between posture and balance variables {#sec3.5}
-------------------------------------------------------------

No significant interrelationship was identified in any of the cases between the changes of the posture variables when closing the eyes and the changes of the balance variables (see [Table 4](#tbl4){ref-type="table"}).

3.6. Summary of the results {#sec3.6}
---------------------------

•The absolute values of balance control parameters changed significantly with age.•The difference values of balance and posture parameters between open- and closed-eyes- conditions did not change with age.•Athletic activity, as far as representable by an athletic activity index, did not influence the absolute and relative balance and posture control parameters, independent of age and sex.•The difference values of balance and posture parameters that represent the reaction of control processes to the loss of vision did not show any interrelationship, independent of age and sex.

4. Discussion {#sec4}
=============

The objective of this study was to examine a potential interrelationship and age-dependency of the neuromuscular regulation processes of both posture control and stability control in childhood and adolescence in a healthy population. Stability control was operationalized by the differences in sway path length between postures with open eyes and closed eyes. Posture control was operationalized by the differences in the posture parameters posture index (PI), upper body tilt (BT), and trunk tilt (TT) between the above mentioned postures. Compared to other studies, this was a new approach because we used the difference values of balance and posture parameters instead of the absolute values to quantify the response strength to the disturbance when the optical analyzer was turned off.

4.1. Posture control, stability control and athletic activity {#sec4.1}
-------------------------------------------------------------

We did not find any significant correlation between athletic activity, age, and sex and stability control or posture control parameters. Athletic activity develops sport-specific skills, such as balance or the execution of specialized motor patterns that generate sport-specific movements ([@bib83]). We thought it reasonable to expect that the development of such motor skills should have had a clearer positive effect on posture regulation and - in a second step - on effective stability control. To be able to maintain balance by adequate efferent muscle activity, afferent sensory information must be processed and a controlling system must exist when taking a cybernetic point of view (compare [Figure 1](#fig1){ref-type="fig"}; [@bib74]; [@bib41]; [@bib5]). In a neurophysiological context, this is based on a representation of the body and its segments in the cortex, the so called \'body schema\' ([@bib49]). The formation of a body schema is seen to be taking place in early childhood ([@bib70]; [@bib49]). Assuming that body posture on this basis is controlled in a combination of open-loop (feedforward) and closed-loop (feedback) mechanisms ([@bib16]; [@bib70]), it is safe to suppose that the quality of posture control depends on the formation of a valid body schema and also on the optimization of control loops ([Figure 1](#fig1){ref-type="fig"}). For example, with a well-developed internal representation, the CNS can compensate for the effects of changes in body position by anticipatory movements, thereby keeping the COG stable above the supporting surface of the feet ([@bib9]). Although we were not able to find any clear dependency on athletic activity (i.e., participants with long-term praxis in demanding types of sport with a high share of coordinative and balance skills and an intense control of body tension did not exhibit improved posture control ability), it must be remembered that the control system worked successfully in all cases, which means the test persons did not lose their balance even with closed eyes. Although an increase in the COP fluctuation indicates that the system is approaching its stability limits ([@bib5]), it can also be argued that a well-trained system can afford to use this range. Our results correspond to the findings of current studies that concluded that the ability to correct posture depends on body perception rather than on visual information ([@bib20]).

Pertaining to stability control, other working groups did identify interrelationships with athletic activity in as far as more athletically active persons exhibited a lower degree of COP sway ([@bib34]; [@bib35]; [@bib54]). [@bib71], for example, found improved stability control in adult athletes, especially in shooting competitors. However, these studies only examined adult subgroups or various types of professional sports ([@bib35]; [@bib71]). We assume that these results are not directly comparable to our study because sensory systems and body schema are still maturing in children, and we examined subjects who performed sports at a non-professional level. Nevertheless, we had expected a better postural and stability control in the sense of a smaller posture deviation or smaller increase in the COP fluctuation with closed eyes in children active in sports, as we had assumed that athletic experience would have trained their sensorimotor system, leading to improved sensory information processing. [@bib73] did not find any consistent correlations between physical activity and postural stability, either. The results of our study do not corroborate the assumption that leisure sports \'automatically\' is associated with a better stability and balance control (as far as we can measure the effects of these control processes). At the same time, it must be remembered that the operationalization of stability control via the sway path length of the COP is only one scientific approach among several. Other studies use for example the COP velocity or the sway ratio for analysis and come to different results, e.g. they did not find differences for all parameters between the eyes open and eyes closed conditions ([@bib10]; [@bib11]). Here, other analysis methods (COP frequency, speed) would probably be more suitable evaluation parameters.

The heterogeneity of our test group may have disguised positive effects of particular types of sport, though. We also need to point out that the definition of an \'athletic activity index\' is a somewhat artificial theoretical construct. We tried to incorporate the most important factors that might have influenced the motor skills of our subjects, but we are aware that this predefinition of influencing factors that we used for calculation may have influenced the result.

4.2. Posture and stability control depending on age and gender {#sec4.2}
--------------------------------------------------------------

We analyzed the interrelationship between posture and stability control with closed eyes pertaining to age and gender. The CNS applies visual, vestibular, mechanoreceptive, and proprioceptive information to regulate balance and posture ([@bib15]; [@bib63]; [@bib52]; [@bib50]). The process of adjusting sensory information to stability control is called sensory integration ([@bib4]). Stability control, in our study measured in absolute SPL values, showed a significant change over age for both girls and boys, with the SPL with open and closed eyes diminishing with increasing age. For girls, we identified significant differences to the youngest age group. From age 9, significant differences were no longer detectable. This is in accordance with other studies that found stability control in 11 years old girls to be as stable as in young adults ([@bib9]; [@bib58]). For boys, there were significant differences between the oldest age group (15--17 years) and the younger ones. These results apply to both open and closed eyes conditions. [@bib58] found sex specific differences in COP oscillation in children, with boys showing greater oscillations with closed eyes than girls in the age group of 9--10 years. They interpreted this as a time-lag in development of posture control.

The elimination of sensory information (the visual one) leads to an increase in COP sway, which can be interpreted as a reduction in quality of the control process ([@bib15]), respectively an increase of the noise in the control system ([@bib11]; [@bib5]). A reduction of COP sway and thus an improvement of postural stability in adolescence indicate a refinement of regulatory processes in the course of maturation. This finding corresponds to the results of other studies ([@bib1]; [@bib61]). [@bib36] proposed that sensory integration that begins between the age of 7 and 9 years leads to an integrated open- and closed-loop strategy to control COP oscillations. As closed-loop strategies (control processes with a sensory feedback) use visual sense, [@bib58] suggest that increased COP oscillations with closed eyes may primarily indicate a closed-loop strategy in the above-mentioned age group.

[@bib58] and [@bib73] supposed that girls use a combined strategy to control stability from an early age on. This would explain a better balance regulation with closed eyes. Nevertheless, we found a statistically significant improvement in stability control already in the group of 9--11 year olds, while Nolan and colleagues described this for girls older than 11 years. On the other side, in our study a significant improvement of body sway occurred in the group of 15--17 year-old boys, which is in accordance with [@bib75], who described maturation of the visual component of posture control at the age of 15--16. Summarizing the above, it can be said that literature shows general agreement on maturation-dependent development of COP sway in childhood and adolescence, but not on its linearity ([@bib27]; [@bib72]; [@bib75]; [@bib78]). Some authors describe age ranges in which COP sway decreases more strongly ([@bib36]), others found uniform improvement ([@bib48]). In adulthood, COP control is described to deteriorate only in seniors ([@bib25]).

The youngest of the children we examined were six years old. While the process of somatosensory maturation progresses in early childhood, both sensory processing and posture control strategies develop ([@bib82]; [@bib27]; [@bib64]). From the age of seven years, the maturation period during which somatosensory integration matures sets in. Steindl et al. state some proprioceptive maturation even in three- to four-year-olds ([@bib75]). This leads to a problem that may have influenced the results of all previous studies, including ours: chronological age is not always parallel to biological age. Effects of physique influence stability control in children and adolescents ([@bib43]). Therefore, the degree of comparability of studies may be reduced as the degree of the subjects\' maturation was not considered in the different age groups.

We were also not able to find any dependencies on age or sex for posture and balance control with closed eyes. In our opinion, this is an interesting result because it shows that the changes in posture and balance parameters when the visual analyzer was turned off were not age- or gender-specific, regardless of the individual initial value. In other words: it did not matter whether a girl or boy exhibited good or poor posture control or stability control. Whenever they closed their eyes, their values deteriorated to the same extent, and regardless of age, too. This means that the differences in the control quality of the COP, caused by the elimination of visual input, did not depend on the age of the test persons. Ultimately, this parameter describes the influence of the visual system within the complex interaction of different receptor systems ([@bib16]). Both older and younger children were able to compensate to the same extent for the elimination of visual information.

Steindl et al. assume that visual and vestibular afferent systems reach an adult level only at the age of 15--16 ([@bib75]). The reduction of body sway could therefore rather be based on the improved processing of proprioreceptive receptor information. This can improve in the course of daily life routine. Athletic activity, insofar as this could be sufficiently described by our activity index, does not seem to play a primary role in this, though.

According to our results, sports training or therapeutic approaches with the aim of improving balance and posture control in children or adolescents ([@bib8], [@bib12]; [@bib60]; [@bib6]; [@bib33]) should include both facets simultaneously. We would suggest that improving balance skills through a therapeutic exercise program or a sports exercise program will not automatically improve posture regulation (e.g. correcting a hollow back) and vice versa.

4.3. Interrelationship of posture and balance {#sec4.3}
---------------------------------------------

Current models of stability control regard the human body in a simplified way as an inverted pendulum, in which the mass is concentrated in one point ([@bib51], [@bib80]). Several strategies have been described with which the CNS balances the center of mass over the support surface. The ankle joint angle, respectively the torque generated by the calf muscles, plays a decisive role in the control in anterior-posterior (AP) direction. A second strategy which controls stability in the medio-lateral (ML) direction was described by Winter ([@bib80]). Although the inverted pendulum model provides insights into the regulatory principles of the CNS, it simplifies reality considerably. The trunk is a very flexible multi-joint system, and through muscle activation the CNS can change the position of individual trunk segments in relation to each other which automatically shifts the position of the COM and as a result displaces the COP ([@bib50]; [@bib66]). On the other hand, postural deficiencies are characterized, for example, by a hollow back, which also leads to a shifting of the pelvic, lumbar and thoracic segment and, as a consequence, to a relocation of the COM ([@bib66]). In order to keep the COM above the support area by the feet, COM control is thus necessary and according to current knowledge realized by bottom-up (e.g. through the ankle joint) and top-down strategies by repositioning the body segments via anticipatory movements.

A conscious straightening of the posture initially causes a reorientation especially of the segments pelvis, lumbar and thoracic spine and head to each other. This involves activating the corresponding muscles to bring the respective joints (hip joint, shoulder joint, upper cervical joint) closer to a common plumb line. Conversely, deterioration in posture is characterized by the fact that these joints move away from each other and the trunk is stabilized rather passively via the ligaments and joint capsules. [Figure 6](#fig6){ref-type="fig"} shows a typical example of postural deterioration when the eyes are closed.Figure 6Typical example of postural deterioration, from the state with open eyes (left, body segments lie on a plumb line) to the state with closed eyes (right).Figure 6

Studies of human posture have shown that a previously upright posture often worsens again when the eyes are closed, which means the body segments move away from a common plumb line ([@bib46]). As this can be observed within 30 s, muscular fatigue can be excluded as the cause. Rather, the causes seem to lie in the neuronal control of the posture stabilizing muscles. One interpretive approach is that due to the suppression of optical information, an important sensory input into the control system is missing and, in case of poor proprioceptive perception, the quality of control decreases ([@bib5]).

Most studies show an increase in the amplitude of COP sway in the AP direction when closing the eyes ([@bib17]). This is explained by the intrinsic noise within the control system with the motor controller increasing the safety margin of the COP shifts and the precision of the COM estimation deteriorating ([@bib5]). The basic question is therefore whether the increase in COP sway in the AP direction is accompanied (and possibly caused) by an analogous change in body posture in the AP direction.

As the objective of our study was to examine the reaction of the posture and balance control system to an omission of the visual information, we did not only compare the absolute values, but also the differences in the posture and balance variables when the subjects closed their eyes. The transition from \'eyes open\' to \'eyes closed\' is a disturbance that changes the input into the control systems (it 'turns off' the visual analyzer). We could find both an increase in COP oscillation (as found in other studies, e.g. [@bib2]; [@bib11]) and a deterioration of the posture parameters. Interestingly, we did not find any direct interrelationship between these two sets of variables (posture and balance). Subjects who showed a great increase in COP sway when they closed their eyes did not automatically show a comparable decrease in their posture parameters, and vice versa.

Nevertheless, stability and posture regulation are interlinked processes because the CNS has to control COP oscillation in order to maintain stability when body segments shift ([@bib26]; [@bib74]; [@bib50]). A hierarchical structure of the control paths is proposed by Sousa et al. and seems logical because changes in body posture often result in COP shifts that, in extreme cases, can also affect stability ([@bib74]).

Literature that describes interrelationships between posture (anomalies) and changes in stability is sparse. For adults, [@bib24], [@bib44] and [@bib79] identified relationships between posture and balance parameters, but this applied particularly to patients. For adolescents with idiopathic scoliosis, [@bib57] and [@bib77] found that standing imbalance was related to altered body posture parameters. Other authors, such as [@bib21] did not find any relationships at all. [@bib55] did no find a significant degradation of postural control in children with weak posture.

The changes in COP sway (in our study changes in sway path length) and the changes in macroscopically measurable body position in AP direction when closing the eyes are not statistically related according to our results. This is interesting because a change in body position in the AP direction also changes the position of the body\'s COM and as a consequence also the position of the COP. It would therefore have been reasonable to assume that the sway of the COP in the AP direction increases to the same extent.

[@bib50] has stated that anticipatory postural adjustments are both related to balance control and to the stabilization of given posture positions. We found that the increase in body sway is not directly related to the deterioration in posture. The shifting of the body segments towards each other does not seem to be primarily responsible for the increase in COP fluctuation. Rather, this is a further indication that stability control and posture control are interdependent mechanisms whose complex interaction is not yet fully understood.

4.4. Limitations {#sec4.4}
----------------

Our tests are subject to some limitations which we have for the most part already listed in the corresponding paragraphs. In addition, a point to be viewed critically is that the categorization into only four age groups does not allow for differentiated observation of individual somatic development. The grouping was, however, selected in line with typical stages of maturation. When evaluating athletic activity, creation of an index value always leads to weighting of individual components. Nevertheless, this did seem to us an appropriate option of combining the lifetime span of practicing a sport (i.e., the overall volume of physical conditioning) with the motor requirements of that same sport. At the same time, we are aware that the quality of practicing a sport is a parameter that is difficult to measure, but that certainly has an influence on the motor performance of the test persons. Leisure habits (such as sedentary behavior) were not included in the evaluation. Future studies could deliver additional findings in this respect.

To determine the quality of the stability control, the sway path length (SPL) is not the only, and probably not the most meaningful parameter. Other studies describe sway velocity, stability indices or oscillation frequencies as suitable parameters. Nevertheless, we consider SPL as a simple parameter to measure that is logically related to the postural changes in the AP direction. SPL has also been described as a suitable parameter in other studies ([@bib37]; [@bib87]).

4.5. Outlook {#sec4.5}
------------

In further studies the transition of the COP position between habitual and active posture and/ or eyes-open eyes-closed condition should be investigated more closely. By analyzing the reaction to disturbing stimuli, the control properties of a system can be understood. E.g., [@bib9] have investigated the motor response to toe stand upright and have shown that the trajectory of toe stand position depends on individual characteristics of the children studied, such as muscle strength, anthropometry and neuromuscular development. This indicates perspectives in the analysis of active versus passive postural states and possibly also postural deficiencies, with the speed of the COP oscillation obviously being a crucial parameter ([@bib9]).

5. Conclusion {#sec5}
=============

The increase in body sway is not directly related to the deterioration in posture when the eyes are closed. Therefore, we conclude that the shifting of the body segments towards each other, as a result of the loss of visual information, does not seem to be primarily responsible for the increase in COP fluctuation, nor does it depend on age, gender, or sports activity in healthy children and adolescents.
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[^1]: Data are reported as mean ± standard deviation. Values in brackets specify the 95%-confidence interval of the mean value. SPL = Sway Path Length, PI = Posture Index. Data with the prefix 'Delta' are differences between the eyes open and eyes closed measurements.

[^2]: Rho = Spearman\'s rank correlation coefficient, SPL = sway path length.
